It is now widely recognized that mating systems contain both social and genetic components, where social components describe patterns of social associations while genetic components reflect patterns of mating activities. In many species these two components do not coincide. If the level of sexual asymmetry differs between these two components, for instance in monogamous pairs with high levels of infidelity, each component may impose different selection pressures on behavioural and physiological characteristics. However, we have limited knowledge of how social and genetic components influence behaviour and physiology. The aardwolf (Proteles cristata) is a small insectivorous hyaenid, which has been described as socially monogamous but sexually promiscuous. In this study, we evaluated if aardwolf space use, scent marking, foraging behaviour and endocrine fluctuations relate to predictions from social monogamy or polygamous mating. Our results did not show sex differences in behaviour or physiology that would be consistent with predictions from polygamous mating, and we suggest that social mate associations may regulate the observed endocrine and behavioural parameters more than actual mating patterns in this species. Such an interpretation would suggest that the fitness effect of promiscuous mating may be low, since it appears to impose little selection pressure on mating related behaviour. We stress that it is then unclear how promiscuous mating is maintained in this socially monogamous species.
Introduction
Mating systems are often categorized as four main classes; monogamy, polygyny, polyandry, and promiscuity (Clutton-Brock, 1989; Davies, 1991) . The degree of sex differences in mating competition and mate fidelity typically lead to a gradient in sex differences in behaviours, where a greater inter-sexual asymmetry in behaviour is expected as sex differences in mating competition increase (e.g., Clutton-Brock et al., 1982) . At one extreme of this gradient, socially monogamous pairs are characterized by inter-sexual symmetry in behaviour, whereas the other extreme is formed by mating systems with substantial mating competition in one sex, such as highly polygynous harem systems in mammals (e.g., Le Boeuf and Reiter, 1988) .
Behavioural traits related to mating activities are proximately regulated by the individual's hormonal environment. For example, experimental administration of exogenous androgens during both the mating and non-mating seasons in monogamous male birds caused males to shift from monogamous to polygynous mating (Hegner and Wingfield, 1987; Silverin, 1980; Wingfield, 1984) . However, different mating strategies may also result in contrasting hormone fluctuations, where particularly social rank may be associated with different levels of stress-related steroid hormones (Creel et al., 1996) . As with behaviour, sex differences in hormonal fluctuations are expected to be related to mating competition. In particular, we would expect that lower individual variation within sexes is associated with low levels of competition, and subsequently that the difference in mating competition between males and females are related to within sex variation between individuals.
Mating activity is not necessarily constrained to long-term social relationships (Griffith et al., 2002) . It is now widely recognised that mating systems have two components; a social component which describes how individuals socially relate to mating partners, and a genetic component which describes the genetic effects of actual mating events (Kappeler and van Schaik, 2002) . Discrepancies between these two components in terms of the associations of males and females appear to be a rule rather than sporadic deviations (Birkhead and Møller, 1992) . However, it is not yet clear to what extent the social versus the genetic components of mating systems influence behaviour and their hormonal characteristics.
The aardwolf (Proteles cristata) is an extreme resource specialist belonging to the family Hyenidae (De Vries et al., 2011; Koehler and Richardson, 1990; Matsebula et al., 2009 ). Aardwolves have been described as obligately monogamous socially (Koehler and Richardson, 1990; Richardson, 1985) , as a result of the necessity for a high level of paternal care caused by the increased need for females to forage away from offspring during lactation (Richardson and Coetzee, 1988) . However, aardwolves have been observed to engage in a high frequency of extrapair copulations (Richardson, 1987b; Sliwa, 1996) , and Kotze et al. (2012) suggested that the temporal utilisation of dens corresponded more closely with predictions from polygamous mating than from social monogamy. Therefore, the aardwolf is an appealing candidate for evaluating how social versus genetic mating systems associate with sex differences in behaviour and endocrine fluctuations in a mammal.
The aim of this study was to test if sex-specific seasonal variation in behaviours and endocrine parameters relate to predictions from social monogamy in a population of wild aardwolves. In general, if social monogamy dictates behaviour and associated endocrine fluctuations, we would expect (i) symmetry between males and females in terms of their space use and behaviour due to similarities expected for a pair living, behaviourally monogamous species, (ii) symmetry between males and females in inter-individual variation in reproductive and stressrelated adrenocortical hormone concentrations, and (iii) that neither males nor females will exhibit increased adrenocortical hormone concentrations during the mating season.
Material and methods

Study area
We conducted the study on Benfontein Nature Reserve, approximately 10km southeast of Kimberley, Northern Cape Province, South Africa (28.80ºS, 24.77ºE; Figure A.1) . Benfontein covers 11,400ha of semiarid terrain and lies within a transitional zone between dry Karoo, grassland and Kalahari thornveld (Schultze and McGee, 1978) . The study area has a semiarid climate, with a dry season comprising March to August and a wet season September to February (Kotze et al. 2012) . The reserve has hosted the majority of previous studies on aardwolf (De Vries et al., 2011; Ganswindt et al., 2012; Kotze et al., 2012; Richardson, 1985; Sliwa, 1996; Sliwa and Richardson, 1998) .
Study animals
We immobilized seven wild aardwolves (four males and three females; Table 1 ) and fitted them with very high frequency radio collars (VHF; Sirtrack Ltd, Havelock North, New Zealand: weight 68.25g ± 8g, mean ± 1sd). For this, we located aardwolves by driving around the reserve at night and scanning with a hand-held spotlight. Once an individual was located we followed it by a 4x4 vehicle from a distance of >100m until the animal became habituated to our presence. We remote injected aardwolves with a standard dose of 36.0mg ketamine hydrochloride and 0.6mg medetomidine hydrochloride using a CO 2 -powered remote injection system (Kotze et al. 2012) . The darted animals took 5-10 minutes to become anaesthetized, and aardwolves were kept anaesthetized for 45-60 minutes. The medetomidine was subsequently reversed with 3.0mg of atipamezole hydrochloride. All individuals were fully mobile within 10 minutes after reversal, but we remained with the animals for approximately 30 minutes to ensure recovery. Animal handling procedures were approved by the Animal Use and Care Committee at University of Pretoria (EC031-07).
Spatial and behavioural data collection
Between March 2010 and July 2011 we relocated and observed radio-tagged aardwolves to record home range size and utilization as well as spatially explicit scent marking and foraging behaviour using a handheld PDA loaded with the software CyberTracker ™ (http://www.cybertracker.org). We located each animal at its day time den, and once it had emerged we followed it for 84  50 min (mean  sd) to continuously record movements using a GPS unit. We recorded scent marking and foraging behaviours using a handheld PDA loaded with the software CyberTracker ™ (http://www.cybertracker.org). In addition to record the coordinates of animal movements, we also stored a GPS coordinate for each logged behaviour. We defined scent marking as the action of an aardwolf straddling a grass stalk, rapidly squatting and wiping a smear of secretion onto the grass from the anal pouch (Richardson, 1985; Sliwa, 1996; Sliwa and Richardson, 1998) . We defined foraging behaviour as the action of an aardwolf lowering its head to ground level and proceeding to lick traveling termites off the soil or mound surface into its mouth (Koehler and Richardson, 1990) . In total, we recorded 269 spatial movement tracks and 157 behavioural sessions for the seven collared aardwolves (Table 1) .
Quantification of sex specific space use and behaviour
We used 95% Minimum Convex Polygons (MCPs: Mohr 1947) to estimate seasonal home range sizes for each animal. We based the MCP's on all pooled relocation data, including both data recorded during spatial data collection and opportunistic sightings recorded while following other study animals or moving around the study area for logistic reasons. We used MCP's to characterize home range size because they are relatively robust to possible temporal autocorrelation among data (Swihart and Slade, 1985) . We calculated home range sizes using Hawth's Tools (http://www.spatialecology.com/htools).
We quantified home range utilization as densities of continuous movement tracks. We created line density isopleths which represent the density of linear features in the neighborhood of a pre-determined raster cell, measured as the length of lines per unit of area. We used a 20m X 20m raster cell size as we typically were not more than 20m from the animal being observed, and defined the search area as a circle around each raster cell. The radius of the search circle was calculated from the mean distance between 10,000 random points to the closest line segment within each aardwolf's annual home range, and ranged from 129.74m to 496.28m (mean  sd = 236.28  129.46).
We used a normalized Shannon spatial diversity index (H', Payne et al., 2005) to estimate the evenness of home range use in aardwolves. The index was calculated on the cell values of line densities:
where R is the number of pixels within each home range and P i is the relative abundance of the linear features within a raster cell (i.e. the length of linear features within the cell divided by the total length of linear features in all cells). An index value of 0 indicates complete unevenness in space use while a value of 1 indicates complete evenness. We did not conduct this analysis for each season due to low resolution in seasonal track data.
We calculated the number of scent markings and foraging bouts per 10 minutes for each behavioural session. We also quantified the proportion of time spent foraging for each session. We used two separate methods to quantify the spatial distribution of scent marking and foraging within individual home ranges for males and females. First, we intersected spatial coordinates of scent marking and foraging behaviours with the home range utilization estimate and extracted the utilization intensity (i.e. the density of movement tracks) for locations used for scent marking and foraging behaviours. Second, we calculated the distance between each scent mark and foraging bout to the nearest home range border as delineated from the 95% MCP's to estimate where within the home ranges the different behaviours were conducted.
Fecal sample collection, hormone metabolite extraction protocol and hormone assays
We collected aardwolf feces while conducting spatial and behavioural observations on the habituated study animals. Generally, aardwolves defecated within 10-15 minutes after leaving their den, although they occasionally defecated at random times throughout their active period as well (Ganswindt et al., 2012) . The intensity of sample collection varied both over time and between study animals (Table 1) . At each observed defecation event, we collected 10-15g of faeces within 10 minutes of defecation after the study animal had moved away. We collected the fecal sample using rubber gloves and a thoroughly-mixed aliquot was stored in a glass vial. The glass vial containing the sample was placed on ice immediately and frozen at -20ºC directly after each behavioural observation period was concluded.
We lyophilised and pulverised the fecal samples and sifted them using a mesh strainer to remove fibrous material (Fieß, Heistermann and Hodges, 1999) . Subsequently, approximately 0.2g of fecal powder was extracted with 3ml of 80% ethanol in water (Ganswindt et al., 2012) . After vortexing for 15 minutes and following centrifugation at 3300rpm for 10 minutes, the supernatants were transferred into microcentrifuge tubes and stored at -20ºC until the hormone analysis. In addition, we determined the organic content of each sample according to the procedure described by Ganswindt et al. (2012) .
Resulting extracts were measured for immunoreactive faecal glucocorticoid metabolites (fGC) using an enzyme immunoassay (EIA) for cortisol (Palme and Möstl, 1997) . This assay has been validated for determining changes in fGC concentrations in the aardwolf (Ganswindt et al. 2012) . Sensitivity of the assay at 90% binding was 1.5 pg/well. Intra-assay coefficients of variation (CV) were 9.5% and 11.0% for low and high quality controls, respectively. Inter-assay CV was 6.7% and 14.6% for low and high controls, respectively.
We quantified immunoreactive faecal androgen metabolites (fA) using an epiandrosterone EIA first described by Palme and Möstl (1994) . Cross-reactivities of the epiandrosterone EIA antibody are described in Palme and Möstl (1994) . Sensitivity of the assay at 90% binding was 8pg/well. Intra-assay CV ranged between 8.6% and 10.1% and Inter-assay CV between 13.5% and 14.6% for respective low and high quality controls. Since male mating activity is typically regulated by androgens in mammals, we evaluated the biological relevance of the fA assay by contrasting baseline, non-reproductively active, concentrations of fA in males to concentrations found during the dry season, which is when mating occurs. We calculated baseline fA values using an iterative process in which values that exceeded the mean plus 1.5 standard deviations (SD) were repeatedly excluded until no values exceeded the mean plus 1.5 SD (Brown et al., 1994) . In males, fA concentrations during the dry season were elevated three and a half times above baseline (dry season 63.60 µg/g vs. baseline 18.60 µg/g), which we regard as an adequate difference to infer that the assay provides physiologically relevant information.
We quantified immunoreactive faecal estrogen metabolites (fE) using an oestrone EIA first described by Palme and Möstl (1994) . Cross-reactivities of the respective antibody are described in Palme and Möstl (1994) . Sensitivity of the assay at 90% binding was 0.5 pg/well. Intra-assay CV was 3.1% and 5.6% and inter-assay CV 11.7% and 13.7% for low and high controls, respectively. In seasonally breeding mammals, mating activity often correlates with overall higher oestrogen production in females. Therefore, we contrasted baseline oestrogen concentrations in females, calculated as described for androgens above, to those found during the mating season to evaluate the biological relevance of the fE assay. In females, fE concentrations were almost twice the baseline levels during the dry (mating) season (112.40 ng/g vs. 59.00 ng/g), suggesting that the assay provides physiologically relevant information.
We quantified immunoreactive faecal progestagen metabolites (fP) using a 5α-pregnan-3ß-ol-20-one assay as first described by Szdzuy et al. (2006) . Cross-reactivities of the respective antibody are given in Szdzuy et al. (2006) . Sensitivity of the assay at 90% binding was 3 pg/well and intra-assay CV was 3.6% and 4.8% for low and high controls, respectively; while inter-assay CV was 8.5% and 15.7% for low and high controls, respectively. To evaluate the biological relevance of the fP EIA we contrasted baseline concentrations in females, calculated as described above, to those found during the gestation season for females with pregnancies confirmed by subsequent observations of offspring. In these females, fP concentrations were during the wet season 2.5 times higher than the baseline (wet season 33.60 µg/g vs. baseline 13.36 µg/g).
For all assays, serial dilutions of fecal extracts yielded displacement curves which were parallel to the respective standard curve of the EIA. Data are presented as µg/g dry extracted organic material for fA and fP concentrations while data are presented as ng/g dry extracted organic material for fE and fGC concentrations.
Statistical analyses
We used linear mixed-effects (LME) models to evaluate the effect of sex and season on home range size, scent marking rates, foraging rates, proportion of time spent foraging, utilization intensity of scent mark and foraging locations, and distance to border of scent mark and foraging locations. In all models we fitted sex, season and their two way interaction as fixed effect predictors. To account for heteroscedasticity we used a variance power function in the models on home range size, scent marking rates and foraging rates (Pinheiro and Bates, 2000) and an arcsine square root transformation in the model on proportion of time spent foraging. In the model on home range size we fitted animal identity as a random effect, whereas in the other models we fitted observation day grouped across each individual as the random effects structure. In all models except the one for home range size we fitted a spatial autocorrelation function to control for the spatial structure of our data points (Venables and Ripley, 1997) . We evaluated fixed effects by conditional F-tests (Pinheiro and Bates 2000) , and we used a Welch two sample t-test to test if there was a significant difference in the Shannon space use index between males and females. We highlight that our analyses of behaviour do not quantify total time budgets, but rather the relative rates of scent marking and foraging while each animal was active.
We similarly used LME's to evaluate the effect of season on concentrations of adrenocortical and reproductive hormone metabolites within each sex. We created separate models for each sex for fGC and fA, but we only created models on fE and fP for data from females. In each model, we used log transformed hormone metabolite concentrations as response variable and season as a fixed effect predictor. We controlled for non-independence within individuals as well as temporal pseudoreplication by fitting sample day grouped across each individual as a random effect structure. We evaluated fixed effects by conditional F-tests (Pinheiro and Bates, 2000) , and we used variance ratio tests to evaluate seasonal differences in inter-individual variation on reproductive and adrenocortical hormones within each sex. Each test was conducted on individual means and we adjusted p-values for multiple comparisons using the false discovery rate method (Benjamini and Hochberg, 1995) .
We set statistical significance to 0.05 with all tests two tailed. We performed all statistical analyses with the software R, version 2.15.1 (http://www.R-project.org), using functions in the user contributed packages nlme (Pinheiro et al., 2012) and ramps (Venables and Ripley, 1997) . We used ArcGIS version 9.3.2 with the spatial analyst tool to create the line density isopleths and extracted raster values for each logged behaviour using the Geospatial Modeling Environment (GME) program (www.spatialecology.com/gme/). Data represented in text and figures are mean ± SE, unless otherwise stated.
Results
Home range size and utilization
Males had larger home ranges than females (F = 8.28, d.f. = 1,5, p = 0.03), but there was no difference between the two seasons (F = 3.76, d.f. = 1,5, p = 0.11) nor an interaction of sex and season on home range size (F = 0.18, d.f. = 1,5, p = 0.69; Figure 1A ). Males used their home ranges more evenly than females (t = 4.13, d.f. = 5, p = 0.01; Figure 1B ), although both males and females had Shannon index values close to completely even use.
Patterns of scent marking and foraging behaviour
Males scent marked more than females (F = 7.84, d.f. = 1,5, p = 0.04), and both males and females scent marked more in the wet than in the dry season (F = 10.97, d.f. = 1,145, p < 0.01; Figure 2A Figure 3C ). However, there was an interaction effect of sex and season on the distance of foraging locations to nearest home range border (F = 1272.93, d.f. = 1,3003, p < 0.01), where females foraged further from the home range borders in the wet season compared to the dry season while there were little seasonal differences for males ( Figure 3D ).
Endocrine fluctuations
There were no differences between dry and wet seasons in fGC concentrations for neither females (F = 0.57, d.f. = 1,83, p = 0.45) nor males (F = 0.49, d.f. = 1,75, p = 0.49; Figure 4A ). There was no difference between dry and wet season in fA concentrations for females (F = 0.05, d.f. = 1,83, p = 0.82), but males had higher fA concentrations during the dry than during the wet season (F = 13.64, d.f. = 1,75, p < 0.01; Figure 4B ). For females, there were no differences between dry and wet season for fE ( 
Discussion
Our results suggested that there were sex differences in both home range size and space use. However, these differences did not seem to have been directly related to optimization of male mating opportunities. If male aardwolves were trying to continuously maximise extra mating opportunities we would expect their home ranges to be orders of magnitude larger than females to include as many females as possible within their home range (Emlen and Oring, 1977) . This was not the case. In addition, in contradiction to earlier observations on this species (Sliwa and Richardson, 1998) , males utilized their range more evenly than females, suggesting that their activity was not concentrated to the periphery of the home range where extra-pair mating partners would be located. Androgens have been positively related to roaming behaviour (Chandler et al., 1994) , and we suggest that the larger home range size and more even movement patterns in males compared to females could have been androgen driven, and represent potentially non-adaptive behaviours indirectly related to mating strategies through their hormonal regulation.
We similarly found sex differences in aardwolf scent marking behaviour. However, we again suggest that these results were not directly related to mating competition, because the required increase in sex-related difference in the dry (which contain the mating period) compared to the wet season was lacking. Scent marking behaviour functions as a way of advertising ownership of a territory (Gosling and Roberts, 2001 ). However, if male aardwolves scent mark as a way of mate guarding we would expect scent marking rates to increase during the dry season, as well as being more concentrated along the periphery of their ranges to ward off potential rivals (Gorman, 1990; Sliwa and Richardson, 1998) . Our data instead showed that both male and female aardwolves scent marked more during the wet season and that neither sex concentrated their scent marks at the border of their ranges. The wet season is a period of intense offspring dependency at natal dens (Koehler and Richardson, 1990) . We therefore suggest that scent marking may function as a way of protecting the territory from intruders to secure enough food resources to successfully raise offspring. The observation of higher scent marking rates in males compared to females may be attributed to sex differences in behaviour within a monogamous pair where males could be more involved in the protection of resources.
The lack of differences between sexes and seasons in the time spent foraging suggests no cost of reproductive activities in terms of foraging time. Therefore, we suggest that the observed sex differences in the frequency of foraging bouts reflect non-mating related differences in male and female foraging behaviour. For females, we further found a seasonal variation in the spatial distribution of foraging locations where they foraged further from home range borders in the wet compared to the dry season. This may be caused by a central tendency towards maternal dens when offspring are present (Joshi et al., 1999; Kotze et al., 2012 ). An alternative, not mutually exclusive explanation could be that the observed seasonal variation in foraging locations was caused by decreased food availability around foraging dens after dry season. The lack of seasonal variation in the spatial location of foraging sites for males suggests a less pronounced fidelity to natal dens than females.
Similarly to the behavioural data, physiological data generally appear to better fit predictions based on social monogamy. Our results showed no seasonal differences in fGC concentrations in either males or females, that the seasonal difference in individual variation of male fGC concentrations contradicted predictions based on polygynuous mating, and that females experienced no seasonal differences in individual variation of estrogens. However, we note that mating may only occur during a few weeks in this species (Sliwa 1996) , which may mute endocrine fluctuations averaged across whole seasons. Intra-sexual competition is strongly correlated with aggressive interactions which typically result in social rank relationships (Creel, 2005) . In species exhibiting such relationships dominant and subordinate individuals typically differ in their circulating glucocorticoid concentrations, although the direction of these differences is related to the stability of the rank relationships (Creel, 2005) . Our fGC results may therefore suggest a lack of distinct rank relationships among wild aardwolves. Contrarily, however, females exhibited higher individual variation of androgens during the mating season, which may suggest that females, but not males, experience some mating competition, supportive of previous suggestions of promiscuous mating. However, since female aardwolves are not group living they have limited access to directly influence neighboring females' reproduction. It is therefore not clear what the function might be of a potentially androgen mediated increase in female aggression during the mating season. This is the first study to present reproductive hormone data for wild aardwolves. Our results support previous observations of the aardwolf as a strictly seasonal breeder (Koehler and Richardson, 1990; Marneweck et al., 2012; Richardson 1987; Sliwa, 1996) with seasonal fluctuations in fA concentrations in males and two observed litters during the wet season. However, although progestagen production also varied between seasons in females, fE concentrations were not consistently elevated during the dry season, which contains the mating activity. This observation is consistent with that of many other mammals (Bronson and Heideman, 1994 ). Since we do not know if females are mono-or polyoestrous, it could be difficult to detect a rise during the mating season if cyclic patterns were reflected by a peak in a single fecal sample (e.g., Brown, 2006) . However, we found indications of pro-oestrous in wild aardwolves where fE and fP concentrations increased during the mating season. Furthermore, we could not confirm mating activities in all our study animals, thus introducing the possibility that mating status may have influenced variation in behaviour and physiology also within sexes.
Although recent data suggested some behavioural support for promiscuity in wild aardwolves (Kotze et al., 2012) , this study indicates that space use, scent marking and foraging behaviour as well as endocrine fluctuations may be more strongly linked to social monogamy. These results suggest that social mating associations may regulate the observed endocrine and behavioural parameters more than actual mating patterns. Such an interpretation would suggest that the fitness effect of promiscuous mating is low despite the observed occurrence of EPCs, since promiscuity did not seem to impose a major selection pressure on behaviour and physiology. While the cost of promiscuous mating for females may only be related to male willingness to provide paternal care, it is less clear how males would benefit from promiscuous mating while still exhibiting social monogamy and paternal care, since it potentially could prompt them to invest in other males' offspring. However, we stress that further research is needed to directly quantify promiscuity using genetic markers, and subsequently to assess the fitness consequences of promiscuous mating tactics for males and females.
Finally, we highlight that our results were based on a low sample size which prevented our conclusions to be based on statistically robust analyses. Similar problems are inherent with many carnivore field studies, and caused by logistical difficulties related to the low densities, tendencies to move over large areas, and often cryptic, nocturnal and solitary behaviour exhibited by most carnivores (Bekoff et al., 1984) . Despite our low sample size, we used high-resolution data on individually recognized wild aardwolves to quantify sex-specific behaviour and endocrine physiology. Although mating related influences on behaviour and physiology may only be apparent during short time periods, and hence potentially missed with our sampling protocols, we still argue that this study provides important information regarding behavioral and physiological associations to mating tactics in this cryptic species. 
